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Induction of cyclin-dependent kinase inhibitor p2t w * ,1/Cika1/Sdit trig- 
gers cell growth arrest associated with senescence and damage 
response. Overexpression of p21 from an inducible promoter in a 
human cell line induces growth arrest and phenotypic features of 
senescence. cONA array hybridization showed that p21 expression 
selectively inhibits a set of genes involved in mitosis* ON A repli- 
cation, segregation, and repair. The kinetics of inhibition of these 
genes on p21 induction parallels the onset of growth arrest, and 
their reexpression on release from p21 precedes the reentry of cells 
into cell cycle, indicating that inhibition of cell-cycle progression 
genes is a mechanism of p21 -induced growth arrest. p21 also 
up-regulates multiple genes that have been associated with se- 
nescence or implicated in age-related diseases, including athero- 
sclerosis, Alzheimer's disease, amyloidosis, and arthritis. Most of 
the tested p21 -induced genes were not activated in cells that had 
been growth arrested by serum starvation, but some genes were 
induced in both forms of growth arrest Several p21 -induced genes 
encode secreted proteins with paracrine effects on ceil growth and 
apoptosis. In agreement with the overexpression of such proteins, 
conditioned media from p21 -induced cells were found to have 
antiapoptotic and mi togenic activity. These results suggest that the 
effects of p21 induction on gene expression in senescent ceils may 
contribute to the pathogenesis of cancer and age-related diseases. 

Induction of the eye I in -de pendent kinase (CDK) inhibitor 
p2iWjfi;Cip!'Sdu j s a common mechanism of growth arrest in 
different physiological situations. p2l is transiently induced in 
the course of replicative senescence, reversible and irreversible 
forms of damage -induced growth arrest, and terminal differen- 
tiation of postmitotic cells: its induction is regulated through 
p5?-dependent and -independent mechanisms (1). Ectopic over- 
expression of p2l leads to cell growth arrest in G| and (2); 
this arrest is accompanied by phenotypic markers of senescence 
in some or all cells (3-5). Although p21 is not a transcription 
factor, it is conceivable that some of its functions may be 
mediated by indirect effects of p2l on cellular gene expression. 
Thus. CDK inhibition by p2l results in dephosphorylation of Rb 
and the inhibition of E2F transcription factors that regulate 
many genes involved in DNA replication and cell-cycle progres- 
sion (6). Accordingly. p2l was shown to be involved in radiation- 
induced inhibition of several H2F-regulated genes (7). Transient 
trans feet ion assays showed that p2l can stimulate NFkB- 
mcdiaicd transcription, this effect of p2l has been explained 
through the interaction of Cdk2 with transcriptional cefaclor 
p.>U0 that augments NT"wB and other inducible transcription 
factors p2l interactions with proteins other than CDK may 
also have a potential effect on gene expression. For example, p21 
w:ls reported to bind c-Jun ami no- term in a I kinases, apoptosis 
signal-regulating kinase I and Gadd45 (1,9). Furthermore, the 
C-terminal portion of p2I. which binds the proliferating cell 
nuclear antigen and i.> not involved in CDfC inhibition, is required 
for the inhibition of keratiuocytc differentiation markers by p21 
( 10). In the present paper, we report that p2l selectively inhibits 
or induces sets of genes with distinct biological functions in cell 



division and aging, suggesting a role for p2l in the pathogenesis 
of cancer and age-related diseases 

Materials and Methods 

Ceil Growth and Apoptosis Assays. All cell lines were propagated in 
DMEMwith 10% FC2 serum { HyClone ). Derivation of I ITIOSO 
p21-9 cell line that carries p2l in an isopropyl-j3-D- 
thiogalactoside (IPTG)-inducible retroviral vector has been 
previously described (5). This cell line is plo deficient and 
expresses wild- type Rb and p53. as we have shown by PCR 
sequencing of all of the exons of p53 in the cell line from which 
p21-9was derived (5). [ 5 H]Thyrnidine labeling and mitotic index 
were measured as previously described (11). Conditioned media 
were prepared by plating 10° p21-9 cells per 15-cm plate, adding 
50 u,M IPTG the next day, and replacing the media 3 days later 
with media containing IPTG and 0.5^. serum: the conditioned 
media were collected 2 days later and stored at 4°C up to 20 days. 
Control IPTG-free conditioned media containing 0.5 r >; serum 
were collected from untreated cells grown to the same density xs 
IPTG-treated cells. 

HS 15.T cells were from the American Type Culture Collec- 
tion. For mitogenic activity assays, MS 15.T cells were plated in 
12-well plates at 15,000 cells per well and 2 days later given 
different types of media. After 60 h of growth, [ ; H| -thymidine 
(3.13 /LtCi/ml) was added for 2-1 h, cells were collected, and 
[ 3 H]thymidine incorporation determined xs described i 12). C8 
cells were kindly provided by Andrei. Gudkov (University of 
Illinois at Chicago). For apoptosis assays. 3 ■< 10" CS cells were 
plated per 6-cm plate and exposed the next day to fresh media 
with 0.4% serum or to conditioned media iiui fresh serum 
added). Floating cells recovered from media supernatant and 
attached cells collected by trypsini/ation were counted. Cells 
were analyzed for apoptotic morphology after staining with 5 
/Ag/ml 4',6-diamidino-2-phenylindole, and l ; AC*S analysis of the 
DNA content was carried out as described (13). DNA ladder 
formation was analyzed by electrophoresis in 1'7 agarose gel. 
The number of attached surviving cells was determined 4-S h 
after media change by cell counting or methylene blue staining. 

cONA Array Hybridization and Gene Expression Assays. Poly(Ai*- 
RNA was isolated from untreated p2i- l > cells and from cells 
treated for 3 days with 50 jxM IPTG. eDNA probe synthesis, 
hybridization with the Human UiuGP.M V cDNA micro array. 
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and signal analysis were conducted by Genome Systems ibi. 
louis) as described at the company's website, http:// 
www iienomcsvstems.com. More than 2,500 genes and expressed 
sequence tags'(ESTs) showed measurable hybridization signals 
with both probes. The sequences of clones that showed differ- 
ential hybridization were analyzed by blast homology search 
aaainst all available sequence databases. 

Reverse transcripuon-PCR {RT-PCR) analysis was earned 
out essentially as described [ U); sequences of RT-PCR primers 
and PCR conditions will be provided on request. Northern 
hybridization was carried out by using inserts of sequence- 
verified cDNA clones (from Genome Systems) as probes. For 
immunoblotting, protein concentrations in all samples were 
equalized after measurement with the Bio-Rad protein assay kit. 
The following primary antibodies were used: mouse monoclonal 
antibodies against Cdc2 (Santa Cruz Biotechnology), cyclin A 
(NeoMarkers. Fremont, CA), Plkl (polo-like kinase) (Zymed), 
Rb (PharMingen), and fibronectin (Transduction Laboratories, 
Lexington KY>; rabbit polyclonal antibodies against Mad2 
(BabCo. Richmond, CA), pl07 (Santa Cruz), connective tissue 
growth factor (CTGF) (a gift of L. Lau. University of Iilinoa at 
Chicago), Prcl (a gift of W. Jiang and T Hunter The SaU: 
Institute), topoisomerase Ha (Ab-284; a gift of W. T. Beck, 
University of Illinois at Chicago) and serum amyloid (SAA) (a 
gift of B M. Schreiber, Boston University) and sheep polyclonal 
antibody against S0D2 (Calbiochem). Horseradish peroxidase- 
conjugated secondary antibodies were goal anti-mouse and goat 
anti-rabbit IgG (Santa Cruz) and rabbit anti-sheep IgG (Karke- 
gaard 6c Perry Laboratories). 

Results and Discussion 

cDNA Array Analysis of p21 Effects on Cellular Gan« Expression. Cell 
line p21-9 is a derivative of IfTiOSO human fibrosarcoma cells, 
where p2l expression can be turned on or off by using a 
physiologically neutral agent IPTG (5). p2l is rapidly induced in 
p2l-9 cells after the addition of 50 u.M IPTG (Fig. L4), and this 
induction is accompanied by rapid (within 14 h) cessation of 
ONA replication (Fig. iB) and mitosis (Fig. I C). with approx- 
imately equal numbers of cells arresting in Gi and G: (11). All 
IPTG-treated p21-9 cells develop morphological and enzymatic 
markers of senescence, including enlarged and flattened mor- 
phology and senescence-associated 0-galactosidase activity (5). 
The senescent phenotype develops subsequently to cell growth 
arrest starting at about 48 h after the addition of IPTG. p2l 
induction is also accompanied by the loss of clonogenicity a 
process that correlates with the duration and level of p2l 
induction and is associated with en do re duplication and abnor- 
mal mitosis after release from IPTG (tl). 

To analyze the effects of p2i on gene expression, cDNA 
probes were generated from the RNA of untreated p21-9 cells 
and cells treated with IPTG for 3 days, a period that allows for 
full development of the senescent phenotype. These probes were 
used for differential hybridization with the Human UniGEMV 
cDNA microarrav (Genome Systems), which contains over 4 4 000 
sequence -verified known human genes and 3,000 ESTs. Genes 
that were down-regulated with balanced differential expression 
^2 5 or up-regulated with balanced differential expression >2.0 
are listed in the supplemental data. Tables I and 2 (www. 
pnas.org). Expression of 69 genes was individually tested by 
RT-PCR or Northern hybridization (see examples in Fig. 2) by 
using RNA preparations from independent experiments, and the 
predicted changes were confirmed tor 38/39 down-regulated 
and ^7/30 up-regulated genes. The observed signal differences 
in Northern hybridization or RT-PCR for most of the tested 
nencs appeared to be hicher than the values of balanced differ- 
ential expression determined from the cDNA array, suggesting 
that cDNA array hybridization tends to underestimate the 
magnitude of changes in gene expression. Changes in the expres- 
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sion of six down-regulated and six up-regulated genes were also 
tested at the protein level (see examples in Fig. 2 A and 8) and 
confirmed in all cases. 

p21 Selectively Inhibits Genes Involved in Cell-Cycle Progression and 

ONA Repair. Sixty-nine genes and three ESTs were identified by 
the cDNA arrav as down-regulated in p2l -induced cells, with 
balanced differential expression of 2.5-12.6: live additional 
genes were found to be down-regulated by separate 
assays. As expected, some p21 -inhibited genes (e.g., CDC 
ORCl dihydrofolate reductase) contained K2F sites m their 
promoters. On the other hand, no E21- sites could be found m 
the promoters of other p21 -inhibited genes (e.g., cyclin BlU and 
some E2F-dependem genes (e.g.. cyclin II) were unattested by 
p2U suggesting that the inhibitory effects of p21 are not medi- 
ated enltrelv through E2F. Most of the do* n- regulated genes 
identified by the cDNA array (43 of 6V) have --vr seated 
with cell-cycle progression and DNA repair, :n 
selective nature of p2 1 -mediated inhibition ul - 
To the best of our knowledge, such biological 
unprecedented in large-scale expression profiling i'.viie, 
corollary to this observation is that differential clon:^: • 
p21-inhibited genes is likely to yield novel genes that play a roK 
in cell-cycle progression. Indeed, six p2 i-mhibited genes were 
originally listed in the cDNA array as F.STs or genes with 
unknown function, but database search has linked three of their 
products to cell division or DNA repair. 

Eighteen p2l -inhibited genes are involved mi DNA replication, 
segregation, and chromatin assembly. Some of these genes encode 
enzymes involved in nucleotide biosynthesis (e.g.. thvmidine kinase. 
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Fig. Z. (A) RT-PCR and immunob lotting analyst* of the time course of changes in the expression of p21 -inhibited genes on IPTG jodit.on and release 
tf2-m,croglobul»n (H2M) was used as a normalization control for RT-PCR. A nonspecific 1 10-kDa band that crossreacts with the Plk 1 ant .body (m) .s shown as 
a normal.2at.on control for Western blots. (B) RT-PCR and Northern hybridization anahysis of the time course of changes .n the express-on of p2,1 -induced genes 
on IPTG addition and .mmunoblott.ng assays for IPTG-.nduced gene products. Control untreated p21-9 cells; I. cells treated for 3 days with SO uM iPTG S14 
nbosomal prote.n gene was used as a normalization control for Northern hybridization. (O RT-PCR analysis of changes .n gene expression ,n IP TG treated (I) and 
serum-starved (S> cells relative to exponentially growing control (O cells. ^-M was used as a normalization control. 



dihydrofolate reductase, ribonucleotide reductase). Other proteins 
are involved in DNA replication (e.g., origin recognition complex 
protein Orel. DNA polymerase a. DNA ligase I repUcation 
licensing factor components Mem 7 and Mcra4), segregation (to- 
poisomerase Ha), and chromatin formation (e.g., p60 subunit of 
chromatin assembly factor-! and high -mobility group proteins I and 
2). Products of 20 other p21 -down -regulated genes function in 
mitosis. Some of these proteins are Cdc2 and cyclin Bl that initiate 
mitosis, Plkl involved in several different mitotic stages, Cdc2- 
interacting protein CKsHsl. centrosome -associated Aikl kinase, 
spindle checkpoint-control proteins Mad2, BubRl, and Chll, mi- 
totic centromere dissociated kinesin. and cytokinesis proteins Pre I 
and citron kinase. 

To determine whether inhibition of cell-cycle progression 
genes was a cause or consequence of p21 -induced cell growth 



arrest, we have investigated the kinetics of changes in the RNA 
levels of p21-inhibited genes after the addition and removal of 
IPTG. We have also used immunoblotting to follow the time 
course of p2 1 -induced changes in Rb phosphorylation and in the 
cellular levels of Rb and several p2 1 -inhibited gene products 
(Fig. 2A). Rb became dephosphorylated (as indicated by in- 
creased electrophoretic mobility) as early as 6 h after the 
addition of IPTG, and Rb protein levels decreased sharply 
between 12-24 h (Fig. 2.4. ). although no significant changes were 
detected in RB mRNA (not shown). All of the tested p2l- 
inhtbited genes showed a rapid response to p21 induction and 
release. Five genes showed significant inhibition at both RNA 
and protein levels between 4. and js h after the addition of IPTG, 
concurrently with the onset of cell growth arrest (Fig. 1 8 and O 
and Rb dephosphorylation {Fig. 2A). Some other genes showed 
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j slower response, w.th a :n;i|i»r decrease til mRN A levels 
detectable .n'llv i: h .H'scr the addition > *l" HMO. All p2l- 
mhibiled uenos. however, resumed their expression l2-ln h alter 
i he removal ot IPTG ( Fi*. 1A K which precedes the resumption 
of DNA repiicaiion .20-24 h) and mitosis 1.30-36 h) ill). 
Considering the role ol p2 1 -inhibited genes in cell-cycle pro- 
gression, this time course suugesLs strongly that regulation ol* 
such uenes bv p21 plavs a causal role in p2l-induced cell cycle 
arrest" and is not a consequence of p21-mediated cell growth 
arrest and recovery. In addition, we have observed that p21- 
inhtbitcd mitosis-control proteins were resynthesized asynchro- 
nously after release from IPTG. providing the likely cause for 
mitotic abnormalities in the released cells til). 

Several p2 1 -inhibited genes are associated with DNA repair, 
including XRCC'», whicrTmay play a role in cell-cycle checkpoint 
control." Rad54 recombination repair protein, exonuclease 
Hexl Rad2. a homotog of RadZl repair protein involved in 
sister chromatid cohesion and mitotic recombination, and DNA 
ligase [. Inhibition ot such *enes agrees with the reports that p21 
inhibits DNA repair ( I Si Inhibition ol DNA repair, together 
with impaired mitosis control, is likely to increase the genetic 
instability of cells that reenter the cycle alter p21 induction, 
with potential consequences for carcinogenesis and tumor 
progression. 

We have noted some parallels between p21 -inhibited genes and 
changes that occur in repheauve senescence. Thus, senescent cells 
were' reported to have reduced expression of cell-cycle control 
genes i lb) and lower levels ol the Rb protein ( 17), as we have also- 
observed on p2l induction. It is also interesting that three p21- 
mhibited *enes. CHLl. CDC21. and RAD54, encode members of 
the helicase family. A deficiency in another protein of the heltcase 
group has been identified as the cause of Werner syndrome, a 
clinical condition associated with premature aging and, at the 
cellular level, accelerated senescence of cells in culture (18). More 
significant correlations with the senescent phenotype came, how- 
ever, from the analysis ol p21 -induced genes (see below). 

Induction of Gen« Expression by p21: Correlations with Senescence 
and p21 Specificity of Induction. Forty-eight known genes and six 
ESTs or *encs with unknown functions were identified as 
up-reuulated in p21 -induced cells, with balanced differential 
expression of 2.'>-7.J>. The spectrum of p2l-induced genes 
showed numerous correlations with cell senescence and organ- 
ism aging. A verv hivjh traction (20/48) of p2l-induced genes 
encode extracellular matrix { FXM) components (e.g.. fibronec- 
tin-l. Mac-:*binding protein). P.CM receptors (integrin 03), or 
other secreted proteins. Ovcrexpression of LiCM proteins, in- 
cluding p2l -induced gene products libroncctin- 1, plasminogen 
activator inhibitor- 1 fPAl-U. tissue-type plasminogen activator 
il-PA), and integrin |43. is a hallmark of replicative senescence 
in normal fibroblasts (1^-21). p2t also induced Alzheimer's 
/i-amvloid precursor protein (APP) andcathepsm B, which have 
been shown to increase their expression in senescent cells (22, 
23). p2l further induced several proteins that are known to 
increase their levels during organism aging, including t-PA. 
PM-l cathepsm 13. activin A, prosaposin. A PP. SA A, and tissue 
transglutaminase (t-TGase) I.24-2Y). Senescent cells were also 
reported to overproduce lysosomal enzymes (30) and mitochon- 
drial proteins . 31. 32 i, and we have found that p2l up-regulates 
the expression of five lysosomai and three mitochondrial genes. 
Most interestingly, p2l increased the expression of p66> hc . 
inactivation of which was recently reported to increase stress 
resistance and to extend the lifespan in knockout mice (33). 
These parallels between p2 1 -induced genes and known markers 
of senescence suggest that different features of the senescent 
phenotype result ai least in part from the induction of gene 
expression by p2 1 . 

The kinetics of induction of p2 1 -up-regulated genes also 
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NUpoorlS a role for such genes in :he senescent pheuoi\pe All ^[ > 
the tested nenes (excep't iW t-TGa.se i showed maxima! UNA 
levels between 24 and 4.x h alter the addition .»i IP I G ■. l ; ig III-., 
and their expression l also except lor t- H lase.: remained elcv.ncd 
for at least 3 days after release trom IPTfi ..not shown) I'lus 
timing lags behind p2L -induced inhibition M cciK>cle progres- 
sion genes (Fig. 2A) and growth arrest i ; l \g i 8 and O. mil is 
matches the time course of the development ol the senescent 
phenotype in p21 -arrested cells. 

To determine whether p2l -up-regulated gene expression ;s a 
specific effect of p2l induction or a general consequence ot cell 
growth arrest, we have compared p2 1 -induced -Ganges in gene 
expression with the corresponding changes m [til-' -etU ilia', 
were growth arrested by incubation m serum -tree media Serum 
starvation of p2l -S) cells induced strong growth arrest, as 
evidenced by the lack of significant increase m the cell number 
after 3 or more days of serum starvation and approximately 
60-fold decrease in (M [(thymidine incorporation. Tins growth 
arrest was associated with only 2 -fold increase tn cellular p2t 
levels (not shown), much lower than the extent of p2l induction 
in senescent fibroblasts (17, 34. 35) or m IPTG-treated p-l -* 1 
cells (Fig. IA). RT-PCR was used to compare changes in :hc 
expression of 15 p21-induced and 16 p2l--inhibiled geiie< .iwc:»v 
that were growth arrested for the same period bv jp . A 
or by serum-free media. As shown in Fig 2C . all lP7*G-«\»- 
genes were also inhibited in serum-starved cells; a-*« v : . 
of these genes were inhibited as strongly in serum ~rvcd js m 
IPTG-treated cells. In contrast. S of 15 oil induced genes, 
including PAl-l, SAA. t-TGase. integrin 03. CTGl-'. activin A, 
natural killer cell protein 4, and poo" nc were not up-regulated at 
all (and even slightly down-regulated) in serum-starved cells. 
Three other genes were induced to a lesser extent in serum- 
starved than in IPTG-treated cells, and only four genes were 
equally induced in both tvpes of growth arrest ( Fig. 20. Hiese 
results indicate that the activation of most i*ut not all) p-I- 
induced genes is not a general consequence of cell growth arrest. 
NF*B-responsive gene's i.e.g.. t-TGase. SAA. A PP. and SOD21 
are found among those that are induced bv p2l aione <>r by both 
p21 and serum starvation, suggesting that NI ; *m j.trvation by 
p2l (8) does not determine the p21 specificity ot the induction 
of gene expression. 

Paracrine Mitoqenic and Antiapoptotic Effects of p21 Induction. \ o 
our surprise, analysis of p2 1 -activated genes suggested that 
p21 -induced growth arrest may be accompanied bv a paracrine 
growth-stimulatory effect, because several of these genes encode 
secreted proteins with known mitogcmc or antiapoptotic activ- 
itv. In particular, CTGl-'. aetivm A. enilheiin. granulm. and 
galectin-3 were reported to act as mitogens t3n-.VM. whereas 
galectin-3 and prosaposin inhihit apoptosis ;4ii. 41; r O 
induced intracellular proteins SOD2 and K-Kj* 
* antiapoptotic activity (42, 43), as well as i- 1 - 
B ascribed a proapoptotic function 1 27 v I he 
of both antiapoptotic and proapoptotic ger.es v ; - - 
the contradictory reports on both positive .44- an J nega:.^* 
46) effects of p2l on apoptosis. ^ m 

We have investigated whether conditioned media from IP I G- 
treated p2l-9 cells would have an effect on apoptosis or the cell 
growth. In one set of assays, we tested helhcr such media woiud 
influence apoptosis in CS cells, a line of mouse embryo nbro- 
blasts transformed by UlA and ll-Kas. This ceil line is highly 
susceptible to apoptosis induced by different stimuli, including 
serum starvation (47-4*n. The addition of tow-serum tresh 
media rapidly induced apoptosis in CS cells, as evidenced by cell 
detachment and apoptotic morphology. The detached ■ tloaiing) 
cells showed apoptosis-specilic DNA ladder and lack of celUwuh 
G^M DNA content il ; ic VI). which is characteristic lor apo- 
ptosis in C* cells (4^). The addition of IPTG to tresh media had 
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or 24 h after t _ 

?A h incubation m 10% serum (control), in low-verum fresh medium, or in conditioned medw 

med "conti mng 10% serum C) and low-serum fresh media (F), conditioned media from IPTG-treated (I, or untreated p21-9 cells <U> on apoptos, of C8 cells 
^measured by cel. detachment. (Q Effects of fresh media (F>, conditioned media from .PTCtreated (I). or untreated (U) p2 -9 cells, and 1 I matures of 
conditioned and fresh media (l/F and U - F). supplemented with 1% or 2% serum, on [^thymidine incorporation by HS 1 5. T cells. 



no effect on apoplosis (not shown). Conditioned media from 
IPTG-treated but not from untreated cells strongly decreased 
the induction of apoplosis, by the criteria of cell detachment 
tFig. 35), ladder formation, and alteration in the FACS profiles 
of DNA content (Fig. 3/1). Furthermore, cells incubated for 48 h 
m different batches of conditioned media from IPTG-treated 
cells showed 23-24^ survival relative to control cells grown in 
10% serum, whereas conditioned media from untreated cells 
produced only 1-3% survival, and fewer than 1% of the cells 
survived in low-serum fresh media. 

In another set of experiments, we asked whether sertim- 
supplemented conditioned media from IPTG-treated cells would 
stimulate the growth of two slow-growing human fibrosarcoma cell 
Lines. One of these lines. HS 15.T. showed a small (20-30%) but 
reproducible increase in the number of cells grown for 5 days in 
conditioned media from IPTG-treated cells, supplemented with 
4-8% serum, relative to conditioned media from untreated cells. 
We have also used pH| thymidine incorporation as a more sensitive 
assay that could be conducted at lower serum concentrations. We 
have compared [M Ijihymidine incorporation by HS 1ST cells in 
fresh media, in conditioned media from IPTG-treated or untreated 
cells, and in mixtures of conditioned and fresh media, supplemented 
with 1% or 2% serum. Conditioned media from IPTG-treated 
p2l-9 cells, but not fresh media or media conditioned by untreated 
cells, increased thymidine incorporation by HS 1ST cells up to 
3-fold (Fig. 3C), indicating apparent mitogenic activity. The addi- 
tion of IPTG to fresh media had no effect in this assay (not shown). 

Chang *r »l. 



The above experiments, however, do not allow us to tell whether the 
effects of the conditioned media are due to the direct stimulation 
of cell growth or the inhibition of cell death in proUferaung HS15.T 
cells. 

As noted by Campisi ( 19), normal senescent cells overproduce 
different growth factors, providing a further link between p2l 
inducuon and the senescent phenotype. Some paracrine factors that 
we Qnd to be induced by p21 are also induced by serum starvation 
(prosaposin, galectin-3), whereas the induction of other genes 
(CTGF, activin A) is P 2l -specific (Fig. ICY The inducuon of 
paracrine mitogenic and antiapoptotic factors by p2l raises a 
possibility that terminal growth arrest of senescent or postmitotic 
cells may stimulate the proliferation of. their neighbors. This para- 
crine effect may be one of the unselected physiological conse- 
quences of senescence or, alternatively, it might play a rote in tissue 
homeostasis. It is interesting to note in this regard that p2l 
expression in mammalian development hxs been localized to nar- 
row zones of postmitotic cells, adjacent to the proliferative com- 
partments (50, 51). Together with the potential for ger.etic Jesta- 
bilization in p21 -induced cells (discussed above), the paracrine 
antiapoptotic and mitogenic effects of p21 induction may ul>o 
contribute to carcinogenesis and tumor progression. 

Involvement of p21-lndu<ed Proteins in Age-Keiated Diseases. Strik- 
ingly, products of many genes that we found to be induced by pi 1 
play a causal role or have been associated with different age- 
related diseases. Thus, p2 1 -induced Al'P gives rise to fi-amyloid 
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p:i sirtMiclv mJua> ilw r.H l.niim:iu»ry proton SAA. JepuMimn 
of which causes amvUmjWs and contributes n> atherosclerosis, 
osteoarthritis, and rheumatoid arthritis p2). p21 also induces 
i-TCkise. which has hcen described ;us a pUmumpic mediator ol 
well ditt'erentiaiion. carcinogenesis apoptosis. and aging and 
which plays a rule in plaque formation m both Alzheimer's 
diseas/.ind amyloidosis i 2*. 2'M. p21 -induced CTGK and galcc- 
tin - > have been implicated in atherosclerosis (53, 5^), whereas 
p2!-up-rceuiarcd complement C3 and AMP deaminase were 
suggested^ play a role in Alzheimer's disease p6, 57). In 
addition, expression ol p2 i -induced proteins cathepsin B. PA I- 1, 
fibruneciin. \-jcetylgalactosamme-o-suitaie sulfatase, and 
Vtac2-BP has been associated with osteoarthritis and/or rheu- 
matoid arthritis i>S-r>ii>. 

Replica live senescence ol normal cells has been associated 
with changes in protein expression that may contribute to the 
pathogenesis of cancer and age-related diseases (19). In the 
present study, we have found that similar changes in gene 
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e\prcs-.iiMi can result IrMin pi I induclUMi. -a Inch in .1 .ommon 
cvciu in ihc pn^miiN i'l ^cnowciicj and J.mui^ response [r 
remains 10 be determined whether the Name ell"ec:s »»i p2'. -h;u 
we observed in a libroNaretniui eeU line would ms^ .ieeur in 
different tvpes t^f normal cells, and which nt these eifeeis would 
be specific consequences o[ nil c.xpreSMon. The etucidaiuui ol 
the mechanisms and the specificity of the effects of p2! .»n ie:>c 
expression may .suggest new upproache- : .o the prevention ol 
different diseases that are associated with human ^:!v: 

We lhank Drs. W Jiang. T. Munler ( The Salk Insutuiu. \ - ! -V.i ■ A 
B. M. Sehrciber I Boston CnivcrMty >. L. Luu. W T Hc%K. ..id ." 
Kiyokawa and A. V. Oudkov i University of Illinois at Chicaum l<«- -:;ft> 
of antibodies and cell linev K. Hagen tor assistance wiih flow Mirtmc. \K. 
Abdrvashitov. Y. Chen, and S Salov tor help with M»me v;xpenmcn:s. and 
A. Ruth and Drs. T Primiant^ A. V Gudkov. and R. I Davidson for 
helpful discussions. This work was supported hy National Cancer insti- 
tute grants RUlCAoWu and R37CA40."'? • I.B.R.i and National Insti- 
tute for Dental and Craniofacial Research ,;rant K0S DHtxi.MS > K.W . ,. 



ao 

^7. 

4»S. 
JQ. 
50 

51. 

52. 
53. 

sa 

55. 

56. 

57. 
58. 

v) 



Si !l..|br.x.k. 



Y. H..Kim.K.U . Kim. I.'.i .Scons.S. C. -.f .;; ■ / ^ , 

54» B78-B83 

Christotalo. V. J. & Kabakiian. J 1 1**75"> A/frfe -lv«n*f 0m 4 I«-:s. 

KoOama. S. Y:unada. H.. .Vmab. I- £ Ramrrt. J. C. . 1^5) £^ M ^ -W- 

Kumazaki. T.. Sakano. T . Yoshida. f . Hamada. K.. SumiJa. H.. Tcmnuhi. \ 

N'ishivama. M. ac Mitsui. Y il^) .lf«.f/:. .4^^ .'>-> l»t. ,J t-* w 

Migliaccio. E.. Oiorzio. M.. Mclc S.. Fcl.c.i. <.'... Rcb-iJi. P P mJolti. P. P.. 

Lanlranconc. L. & Pelicei. IV fV U/r.-ion 4irZ. *iN-5l.V 

Akorta. 0. A.. \»on«. Y.. Phelps. D .. U^nnon. O.. Beach. D A Barrett. J. ( 

1 1 ^ot>-, Proc. .Var/. .-I*"*:*. ' 'V.-l *>J, ! ' : 4 : - 1 : 

Robl«. S. J. Jt AJami. o R. M yu ^i f*^cv<e«f 16. Ill 5-1 1 15. 

Braviham. D. M.. (garashi. A.. P-uTcr R L. A ('ir<nerHl»r%i. C. R. : l' w l'«; C"-' 

Sio/. 114. 1285-12^4 

Sakurai. T.. Abe. Y.. Ka^uva. Y . r.ikuw.i. V. Shib:». R . > «h.uhrt ■ 
T. i Goio. K. J Bioi ( V:«-m. :fi*>, 1 41 IS- 1 :\22- 

Shovab. M. McDonald. V I... Bvlcs. C. T-nJaro C J. A IM.wman. : • ■ 
P«?r. :NW. aVr f.Xl H7. ?Qi:-:otf,. 

tnohara. H-. Ak.ihani. S. A R.u. ,V ( W f'WI r?n 245. 20.! ^ 
f \kahan». S . Na^ia.Mukker. P.. tnohara. H.. Kim. H K. >v R;i^. A. ; 

Cu/rc^ rtrt. 57. 

Hiraiw 3 . M.. I'avlor. li. M.. l ampana. W. M-. Oann. S. J. a • i Bricn. F >. s 1'W • i 
Pmc. .Vjr/. .Ua*/ Set. CSA «>4, a77S-^7.Hl. 

Manna. S. K.. Zhang. M Y in. T .. <^berlev. L W ac Aa-ar»al. R : 
/ C/.vm. 273. t3 2^-l.»:?4. 

Suzuk!. J.. Kanro. Y A K,.ide. II. il^> I'EBS l.r:t 43 ? . 
T.ao. Y. P.. Huang. J., l.hang, J. L. Hs,eh. J f.. P- ng. R. =- A t hen. N. f- 
(IDW) / tf«( 73. i«>su iviuo. 

Gorospe. M.. Ciriclti. i W.«ng. X Seth. P.. i apogro>si. M 
S. J. (1*WT) Of.'C^KP.v 14. '»2^-^.*o. 

Lu. Y.. Yamaai^hi. N.. Y.issi. V A T^kchc. M. . l"*JS, •>«,- , 
. Lowe. S. W.. Jack*. T . I l..ur,m;m. I). II. A Rutcv. 1 1. K. > 1^4 . 
Set. USA 91. 2026-20*>. 

Lowe. S. W . Ik.dis. S . Mel'lalfcltcv. A.. Ucsnin«l<.*n. L. Rulcv il b . - .»ncr 
D. E.. llouim:in. D \i. A I.icks. r \ iwi V, s..*.su. 
Sikilorov. VI. A.. Masen. K.. Os>ov>k.»va. V S.. <.-nn.»r. i* M- l.—c s. W 
Deichman. O. I. A Gudkov. A. V . I^M Ok, 13. - J 1 ' 

El Oeirv W. S.. T.»kino. T.. Wjldm.m. V . Olincr. F. 
Burreil. M.. Kill. 0. {•*.. Hcalv. K.. Rces. I. I... H.tmiU 
Cancer 55. 29 !U-2*M". 

Gartcl. A. L..icrtas. M.S.. Cartel. M.. '. .oulman. 
i\9Q6) Exp Ceil Rrs 22?. l?l-ldl. 

Jensen, L. hi. A Whitehead. A. S I l^) ,<?«., / 334. is«>--i'3 
Oemar. B. S.. Wemcr. A., firmer. J. M Ho. D. I) <-d^v. S N .u,. k 4 
Marx. W.. Rapp. J.. Pech. M. A Luscher. I. K. • 1 -w A l ■« ''5. ->l- 

Nachci«al. M.. Al-Av>a..d. /... Maver. P . Kim. SC. a M.*n»isjnv. M. 
,^m. J.'PMhoi. 152. u*w-i:as. 

Vecrhuo. R.. van der Vails. P.. Jansien. 1 . Zhan. S S. ^ in N.^r .nd. \% l:. 
A tikclenboom. P. < fir/r-.'ws 426. N)>-o|U. 

Sims. B.. Powers, R. K.. S.ibina. R. A I'heibert. A. B i S-ur^-o < .l,7r C 
19, , . 

Howtc. A. J.. Burneti. D. A Crocker. J. H**HS| / Pj/k-i. 145. .U.'-.'l-- 
Ccrinic. M. M.. Gcnerini. S. Panseh. C. Hignonc A.. Dmi. Kwnnmcn. \ 1 
A Del Ro*v». M. ll 4 W*i i'.jC-- V. i '.J. i^t-a- 
Chevilicr. X. • I'^^l v wrr Anhntts lik-um 22. 

Seki. T.. Selbv. J.. Ilaupl. I A Winchester. R. il**Hi . -irr/^uw K/:ru/n a|. 
I35f»-U64. 



1ft. 

.Vai: 



. \ ckulcscu. 



-'12- 



v li.. 



4296" ! /avw pnav org 



Chang et s* 



BEST AVAILABLE 



COPY 



BNSOOCIO: <XP 921392A__I_> 



XP-000922527 o*co g «wi2ooon». 2165-2170 _ 

(D ?000 Macmifltf F^shcn Ud AM ngm reserved 0950 -9232/00 $ 15.00 CP 
ww*.na tut. carry one 

SHORT REPORT 

P21 Wafl/Cipl/Sdn -induced growth arrest is associated with depletion of 

mitosis-control proteins and leads to abnormal mitosis and 

endoreduplication in recovering cells p ^ Zo\qq\Jo<x^ -p- JZlbS - Z i + 

Bey-Dih Chang\ Eugenia V Broude\ Jiug Fang 1 , Tatiana V Kalinichenko 1 , Ravil Abdryashitov 1 
Jason C Poole 1 and Igor B Roninson*- 1 

«^7^ , ^ l * CMfa '' QfW/,CJr 66 ° } ' mwsi *y °f m »™s <" CA/c^o. mm S. Axhiaml Avenue. Chicago, Illinois, It 



Induction of a c yd in-dependent kinase inhibitor p2P*'" 
on/3«dij is an integral part of cell growth arrest associated 
with senescence and damage response. p2l over expres- 
sion from an inducible promoter resulted in senescence* 
like growth arrest in a human fibrosarcoma cell line. 
After release from p21 -induced growth arrest, ceils re- 
entered the cell cycle but displayed growth retardation, 
cell death and decreased clonogenicity. The failure to 
form colonies was associated with abnormal mitosis and 
endoreduplication in the recovering cells and was 
correlated with the induced level of p21 and the duration 
of p21 induction. p21 induction was found to inhibit the 
expression of multiple proteins involved in the execution 
and control of mitosis. p21 -induced depletion of the 
cellular pools of mitosis-con trot proteins was followed by 
asynchronous resynthesis of such proteins after release 
from p2l, which explains the observed mitotic abnorm- 
alities. Genetic destabilization in cells recovering from 
p21-induced growth arrest may conceivably play a role in 
carcinogenesis and tumor progression. Oncogene (2000) 
19,2165-2170. 

Keywords: p21; mitosis; endoreduplication; spindle 
checkpoint control; senescence 



p21 w -'» <■>»■*«' is an important mediator of growth urrest 
and senescence in mammalian cells (reviewed in Gared 
and Tyner. 1998). Because of its pivotal role in p53- 
regulated growth arrest, p21 is usually regarded as a 
tumor suppressor. Nevertheless, p2l mutations in 
human cancer are rare (Hall and Peters, 1996), and 
p2l knockout mice develop normally and do not show 
an increased rate of tumorigenesis (Deng et aL, 1995). 
Increased p2l expression leads to ceil growth arrest 
(N da et aL 1994), which occurs in both Gl and G2 
(Nicu/escu et aL, 1998) and is accompanied by the 
development of morphologic and phenotypic markers 
of senescence in some or all cells (Vogt et aL, 1998; 
McConneli et ai. % 1998; Bates et aL, 1998; Fang et aL, 
1999; Chang et aL, 1999a). p2l-mediated growth arrest 
stems from its ability to inhibit cyclin -dependent kinase 
(CDK) complexes that regulate transitions between 
different phases of the cell cycle (Gartel and Tyner, 
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1998). Consequences of CDK inhibition include depho- 
sphorylatiou of Rb and downreguiatton of a large 
group of E2F-dependent genes that are involved in 
DNA replication and cell cycle progression (Nevrns, 

1998) . The latter effect is usually attributed to the 
sequestration of E2F by dephosphorylated Rb, but p21 
was also shown to inhibit E2F in Rb-negaiive cells 
(Dimri et aL, 1996). 

p2l induction, mediated by p53-depcndent and p53- 
independent factors, has been associated with both 
transient and permanent forms of growth arrest in 
mammalian cells. p2i -media ted transient growth arrest 
prevents the entry of damaged cells into mitosis and 
the resulting mitotic catastrophe (Bunz vt <//., 1998). On 
the other hand, transient p2l induction also occurs at 
the onset of permanent growth arrest (a.k.a. acceler- 
ated senescence), which is induced in normal fibroblasts 
(DiLeonardo et uL % 1994; Roblcs and Adaiui, 1998) 
and in tumor ceils (Chang et aL, 1999b) by DNA 
damage or introduction of oncogenic RAS (Serrano a 
if/.. 1997). p21 is also induced at the onset of terminal 
growth arrest during replicalive senescence of aging 
fibroblasts (Noda et <//.. 1994). A transient surge of p2l 
expression in both replicalive and accelerated senes- 
cence is followed by the induction of another CDK 
inhibitor, p!6 IKK *\ which remains at a high level and 
may be responsible for the maintenance of growth 
arrest in senescent cells after the decay of p2! (Alcorta 
et aL, 1996; Robles and Adami, 1998; Stein vt <//.. 

1999) . 

To investigate the cellular consequences of transient 
p21 induction, we have previously developed the p2l-9 
cell line, a derivative of p!6-deficient HTI080 human 
fibrosarcoma cells, where p2l expression can be turned 
on or off using a physiologically neutral agent 
isopropyl-0-thio-galactosidase (1PTG) (Chang et aL. 
1999a). IPTG treatment of n2l-9 cells leads to 15-20- 
fold increase in p2l expression, dephosphorylation of 
Rb, and complete cessation of DNA replication and 
mitosis within 15 h after the addition of IPTG. Similar 
numbers of IPTG-treated p2l-9 cells (42-43% each) 
become arrested in Gi and G2, and about 15% of the 
cells are arrested with S phase DNA content (data not 
shown and Figure 2d, 0 h time point). 

We have previously found that all IPTG-treated p2l- 
9 cells develop morphological markers of senescence 
(Chang et aL, 1999a). We now asked if this senescent 
phenotype is associated with a restricted proliferative 
capacity after release from p2l induction. p21-9 cells 
were treated with three different doses of IPTG (0.5. 5 
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and 50 ^M) that induce, respectively, no measurable 
increase over the basal p2l level, half-maximal or 
maximal increase (Chang el 1999a). As shown in 
Figure la. 0.5 jiM IPTG did not inhibit colony 
formation, while continuous exposures to 5 /<M or 
50 IPTG reduced the clonogentcity of p21-9 cells 
by 80 and 100%, respectively. When IPTG was 
removed after 12 or 24 h, cells treated with 5 jiM 
IPTG showed essentially undiminished colony forma- 
tion, but the clonogenicity of 50 piM IPTG-treated cells 
decreased by 58 -63%. After 3-5 days of IPTG 
treatment, colony formation decreased by 55-58% in 
5 /iM IPTG-treated cells and by 95-99% in cells 
treated with 50 ;<M IPTG. Thus, the ability of ceils to 
recover after p21 decay was inversely correlated with 
the induced levels of p21 and the duration of p2l 
induction. A correlation between the duration of p2I 
induction and the failure to recover was also observed 
by Fang et al. (1999) in EJ carcinoma cells. 

We have investigated the causes of the loss of 
clonogenicity after release from prolonged treatment 
with 50 pM IPTG. Plates treated with 50 ;<M IPTG for 3 
or more days contained numerous single cells and small 



cell clusters that failed to develop into colonies after 
removal of IPTG, indicating a restriction in cellular 
proliferative capacity. In addition, many ceils detached 
from the plate during the first 2 days after release from 
IPTG; the number of such cells was much higher when 
ceils were released after 3 days than after I day of IPTG 
treatment (Figure lb). Most of these floating cells were 
dead, as indicated by trypan blue staining and 100- 
1000-fold decrease in clonogenicity. The failure to 
recover after release from p2l was not due to 
incomplete shutoff of p21 expression, since cellutsr 
p21 reverted to its basal level within 20-24 h after insr 
removal of IPTG (Figure 1c). Resumption of DSV 
replication in cells treated with IPTG for either i of 5 
days was first detected 20 h (Figure Id) and resumption 
of mitosis 30 h (Figure le) after release. The percentages 
of cells entering the S or M phases were higher among 
cells that were treated with IPTG for 1 day than for 5 
days (Figure ld,e), but this difference appeared too 
small to account for the corresponding diflcrcncc in 
clonogenic recovery (Figure la). 

For further analysis, we have examined the DNA 
content of growth-retarded and dead cells that arise 
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Figure I. (a) EIFects of the duration of treatment with different dose$ of IPTG on colony formation by p21-9 cells (derivation and 
growth conditions of this cell line have been described by Chung el <//.. 1999a). For colony assays. 2000 cells were seeded per 10-cm 
plate in the presence of the indicated doses of IPTG and allowed to form colonies for 10 days. Colony formation wus determined 
relative to cells plated in (PTG-free medium, (b) Time course of changes in the percentage of floating cells after the removal of 
50 fxM IPTG following I day or 3 days of treatment, (c) Time course of p2l decay after die removal of 50 /<m IPTG following ! or 3 
days of treatment. ELISA measurement of p2l protein (in arbitrary units) was carried out using WAF1 EL ISA kit (Oncogene 
Research) as described (Chang er at.. 1999a). (d) Time course of changes in the percentage of cells undergoing DNA replication 
(labciir.g index, determined by 3 h pulse labeling with J H-thymidine and autoradiography) after the removal of 50 «m IPTG 
following 1 or 5 days of treatment, (e) Time course of changes in mitotic index (determined microscopically after staining with S ;<g/ 
ml DA PI) after the removal of SO /im IPTG following 1 or 5 days of treatment 
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after release from IPTG. Growth-retarded cells were 
isolated using a fluorescence-activated cell sorter 
(FACS) on the basis of increased retention of a 
membrane-iabeiing ftuorophoce PKH2, as previously 
described (Chang et aL 1999b). Untreated p21-9 cells 
and celts treated with 50 f.tM IPTG for 5 days were 
labeled with PKH2, plated in IPTG-free medium, and 
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their PKH2 fluorescence was analysed on consecutive 
days. As shown in Figure 2a. IPTG-treated cells started 
dividing later than the control cells and developed a 
heterogenous PKH2 profile, with an emerging peak of 
proliferating cells and a shoulder of growth- retarded 
cells with high PKH2 fluorescence. The growth- 
retarded cells also showed elevated side scatter (SS; 
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Rttaasa aftar 1-day IPTG trastmant 

Figure 2 (1) Changes in PKH2 fluorescence profiles of untreated cells (teft) and celts treated for S days with SO iim IPTG labeled 
with PJCH2 and released in IPTG-free media. Analysis wus carried out using Bccton Dickinson FACSort as described (ChaiiK a <il 
1999b). (b) FACS profiles of DNA content (determined after PI staining as described by Jordan et cL 1996) of PKHl^SS"* and 
PKH^SS* cell populations isolated by FACS (EPICS Elite-ESP. Coirfier) after S-day treatment with 30 $ih IPTG PKH-» labeiinir 
and S-duy growth without IPTG. (c) FACS profiles of DNA content of floating ceils, collected 48 h after release from 3-day 
treatment with 50 /im IPTG or from untreated cells, (d) FACS proGtes of DNA content of attached cells ji difTereni time ooinis 
after release from 1-day treatment with 50 pM IPTG 
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not shown), which is characteristic for senescent cells 
(Chang et aL % 1999b). The proliferating (PKH2 U SS"0 
and growth-retarded (PK.H2*SS'") cell populations 
were separated by FACS 6 days after release from 
fPTG, and their DNA content was analysed by PI 
staining. The growth-retarded fraction differed from 
the proliferating cells in having a higher G2/M fraction 
and a large number of cells with greater than 4C DNA 
content (Figure 2b). The polyploid nature of the latter 
cells was confirmed by fluorescence in situ hybridiza- 
tion (FISH) of interphase nuclei with probes specific 
for chromosomes 18 and 21 (data not shown). High 
polyploid and G2/M fractions were also observed 
among floating dead cells collected after release from 
IPTG (Figure 2c); microscopic analysis indicated that 
many of these non-viable cells were in mitosis. 

The development of polyploidy after p2l over- 
expression has been recently described in several 
tumor-derived cell lines (Nicuiescu et aL 1998; Bates 
et aL % 1998), and p2l has been implicated in 
polyploidization associated with megakaryocyte differ- 
entiation (Kikuchi et aL % 1997). To investigate the 
origin of polyploid cells that we have found to be 
enriched in the growth-retarded and dead cell popula- 
tions, we analysed the time course of changes in DNA 
content of the p2l-9 cell population after release from 
IPTG. The number of polyploid cells greatly increased 
24-28 h after release (Figure 2d), concurrently with 
the resumption of DNA synthesis (Figure Id). Tins 
result indicated that many of the released cells were 
undergoing endoreduplication, an unscheduled round 
of DNA replication. The time course and magnitude of 
endoreduplication were very similar, however, between 
cells released after I day (Figure 2d) or after 3-5 days 
of IPTG inhibition (not shown). 

A major difference between cells that were treated 
with 50 uM IPTG for I day or for 5 days emerged. 



however, when we examined the morphology of 
attached mitotic cells arising 1-2 days after release 
(Figure 3). While an overwhelming majority of mitotic 
figures in untreated cells appeared morphologically 
normal (Figure 3, left), most of the mitotic figures in 
cells released after IPTG treatment showed numerous 
abnormalities, including multipolar anaphases, uneven 
chromosome distribution and prophase arrest (Figure 
3, right). The percentages of normal mitoses in I -day 
and 5-day IPTG treated cells were 45 and 2%, 
respectively, which is close lo the corresponding values 
for clonogenic recovery (38 and 1%). These results 
suggest that abnormal mitosis is primarily responsible 
for the ioss of clonogenictty after release from p2l. 

The mitotic abnormalities of the type shown in 
Figure 3 have been previously found to result from 
mutation or inhibition of proteins that control proper 
chromosome alignment and segregation (Li and 
Benezra, 1996; Glover et <*/., 1998; Chan ct «/., 1999). 
As reported elsewhere (Chang et aL 2000), we have 
carried out cDNA array analysis of p2 1 -mediated 
changes in gene expression in p21 -9 cells and found 
that p21 induction results in the inhibition of multiple 
genes associated with cell division. Figure 4a shows the 
results of RT-PCR assays demonstrating ihai IPTG 
treatment drastically decreases the RNA levels of a 
group of genes that control different stages of mitosis. 
These include CDC2 and cyclin 01 that form the 
mitosis-initiating complex (Kishimoto and Okumura, 
1997), polo-like kinase (PLKI) that plays a role in the 
onset of mitosis, mitotic checkpoint control and 
cytokinesis (Glover et «/., 1998), CDC2-interacting 
protein CKsHsl, a target of mitotic checkpoint control 
(Hixon et aL, 1998), mitotic centromere-associated 
kinesin (MCAK; Kuriyama ct 1995), a ccntro- 
some-associuted kinase AIKi involved in spindle 
formation (Kimura et c/., 1997), centromere proteins 
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Rgure 3 Examples of normal (left) and abnormal (right) mitotic figures 
(DAPI staining; photographed at 1000 x magnification) - 



in p2J-9 cells 1-2 days after rclcnsc from IPTG 
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Figure 4 (a) Effects of p2l induction on mRNA levels of 
mitosis-ussociutcd fccnes. IVT-PCR wus carried oui as described 
(Noonun ct 1990). usiny /^-microglobulin (/J2-M) as a 
normalization control. Sequences of RT-PCR primers will be 
provided upon request. C. control unlreuLcd p2!-9 cells; I, cells 
treated Tor 3 days with 50 ;<m IITG. (ti) linmunoblotting analysis 
of the time course or changes in the expression of mitosis-, 
associated proteins upon IPTG addition and release. Protein 
concentrations in ail sum pica were equalized after measurement 
with BioRud protein assay kit. Immunobiotiing was carried out 
by standard procedures usiiitf mouse monoclonal antibodies 
against Cdc2 (Sancn Cruz) and Plkl (Zymed) and rabbit 
polyclonal antibodies against Mad2 (BwbCoj and Pre I (a gift of 
Drs W Jiang and T Hunter). HRP-conju gated goat anti-mouse 
and gout nnii-rubbil IgG (Santa Cruz) were used as secondary 
antibodies, and the signul was detected by chcmiluminesccnce 
using LuniiCIo (KPL). A non-specific 110 kDa band that cross- 
reacts with the Plkl unlihody (ns) is shown as a normalization 
control 



CENP-A and CENP-F (Liuo ct <//., 1995; Kalitsis ct 
a/., 1998), as well as MAD2 and BUBR1 genes that 
play a central role in the spindle checkpoint control (Li 
and Benezra, 1996; Chan et 1999), CHLl helicnse 
(a homolog of a yeast protein that plays a role in 
proper chromosome distribution during mitosis; Ger- 
rtng et <?/., 1990), and genes for three proteins involved 
in cytokinesis. Pre I, Aim I and citron kinase (Jiang et 
aU 1998; Terada et ai. % 1998; Madaule et <//., 1998). 
IPTG-induced decay of the corresponding proteins has 
also been confirmed for several of these genes by 
immunobiotiing (Figure 4b). 

The results in Figure 4 suggest an explanation for 
mitotic abnormalities that occur after release from p21. 
If high p2l levels are maintained long enough to 
deplete the cellular pool of mitosis control proteins, 
mitosis-initiating proteins would have to be regenerated 
after the shutoff of p21 before the cell can enter 
mitosis. However, if the proteins involved in the 
■quality control* of mitosis are not re-synthesized to a 
sufficient level at the same time, abnormal mitosis 
would ensue. The immunoblotting analysis of the time 
course of decay and resynthesis of mitosis control 
proteins (Figure 4b) supports this interpretation. None 
of the tested mitosis-control proteins show detectable 



regeneration 24 h after release from IPTG, in agree- 
ment with the lack of mitotic cells at this time point 
(Figure le). By the time of resumed mitosis (36 h after 
release), the pools of Cdc2 and Plkl, which are 
required for the initiation of mitosis, are regenerated 
to levels comparable to untreated cells (Figure 4b). In 
contrast, Mad2, the function of which is to prevent 
anaphase unless chromosomes are properly attached to 
the mitotic spindle, is tesynthesized much less 
efficiently (Figure 4b). Furthermore, Mad2 protein is 
still detectable after 1 day of IPTG treatment but not 
after 3 or more days (Figure 4b), which agrees with a 
lower frequency of abnormal mitoses in cells that arc 
released after I day of p2l induction. 

Polyploidization that occurs after release from p2l 
can also be attributed to the inhibition of protein 
expression by p21. In particular, p21 -induced decay of 
Cdc2 could interfere with control mechanisms that 
prevent illegitimate DNA replication by acting at the 
replication licensing factor (RLF). These mechanisms 
include Cdc2-mediated phosphorylation events that 
inactivate the MCM protein component of RLF 
(Hendrickson et a/., 1996) and activate a RLF inhibitor 
(Mahbubani et a/., 1997). It has also been suggested 
that endoreduplication may result from the abrogation 
of mitotic checkpoint control (Hixon ct «/., 1098). 
which could be due to p2 1 -mediated depletion of 
checkpoiut control proteins. Furthermore, polyploid 
cells could arise from a failure or cytokinesis thai can 
be triggered by a lack of cytokinesis-associated proteins 
inhibited by p2i, such as Pre I, Aim I and citron kinase. 

Karyotyptc changes have been frequently observed 
in senescent cells in vitro and in viva (reviewed in 
Schimke et a/., 1986). We suggest that such changes 
may be due at least in part to genetic destabiiization 
that results from accidental re-entry into the cell cycle 
of ceils that underwent prolonged p2l induction in the 
course of senescence. Transient p2l induction triggers 
growth arrest of senescent cells, whereas another CDK. 
inhibitor, pl6. appears to be responsible for maintain- 
ing this growth arrest after the decny of p21 (Alcorta et 
at.. 1996; Stein et a(.< 1999). p!6 (in striking contrast to 
p2l) is frequently mutated in human tumors (Hall and 
Peters, 1996), including HT1080 fibrosarcoma used in 
the present study. We hypothesise that the primary 
carcinogenic effect of pi 6 mutations is enabling the 
cells that experienced prolonged p2t induction to re- 
enter the cell cycle. Unlike pl6, p21 would act more as 
an oncogene than as a tumor suppressor in this 
process, which caii explain the rarity of p2 1 -inactivat- 
ing mutations in cancer. 

As previously suggested by Niculcscu et a/. (1998). 
p21 induction may also result in genetic destabiiization 
of tumor ceils exposed to radiation therapy or 
chemotherapy, leading to the emergence of more 
malignant or treatment-resistant tumor variants. Tran- 
sient exposure of transformed cell lines to cell cycle 
perturbing agents (many of which are known to induce 
p21) leads to increased DNA ploidy, gene amplification 
and other karyotypic abnormalities (Schimke et (//.. 
1991). We have previously shown that treatment of 
tumor cells with different chemo therapeutic drugs 
induces a senescent phenotype, and that this pheno- 
type, which largely depends on the p2l function, is also 
associated with increased DNA ploidy (Chang et «/., 
1999a,b). Thus, re-entry into cell cycle after high-level 
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induction of p2l may serve as a major cause of genetic 
destabilization that contributes to carcinogenesis and 
tumor progression. 
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